The Chinese mitten crab ( Eriocheir sinensis) is a vector of the fatal crayfish plague pathogen (Aphanomyces astaci). Both species are listed among the world´s 100 worst invasive species. From its origin in China the Chinese mitten crab was introduced to Europe, presumably via ballast water from ships. A. astaci originated in North America and is assumed to have been firstly introduced to Europe through humanmediated transportation of live specimens of North American freshwater crayfish species. While the North American crayfish species are resistant to the pathogen, it causes a fatal disease to native European crayfish species. It was generally assumed that the crayfish plague could only infect freshwater crayfish species. Until recently, the Chinese mitten crab had not been recognised as a host of the pathogen. And no study has yet been carried out to investigate if they also serve as a vector. In this study, transmission experiments are carried out in combination with subsequent species-specific molecular analysis. The results establish that the Chinese mitten crab carry the crayfish plague pathogen and can transmit it to the European noble crayfish (Astacus astacus). The implications of these findings are ecologically alarming, considering the high invasive potential and the catadromous life cycle of Chinese mitten crabs, facilitating the widespread distribution of the pathogen.
Introduction
The Chinese mitten crab Eriocheir sinensis (Milne-Edwards, 1853) is listed among the 100 worst invasive species worldwide (Lowe et al. 2004) . Originating from China, it is currently an invasive species in many countries, including Europe and North America (Rudnick et al. 2000; Herborg 2003) . In Europe, the first specimens were found in 1912 in the River Aller, in Northern Germany where they were presumably introduced via ballast water from ships (Gollasch 2011) . As a catadromous species, the Chinese mitten crab migrates after a marine larval stage from brackish river estuaries several hundreds of kilometres upstream to reach maturity and return to the estuary to reproduce (Hymanson 1999) . Besides the life cycle that allows Chinese mitten crabs to travel over large distances, the extensive network of river systems and often interconnected man-made channels in Europe additionally facilitate the spread of invasive macroinvertebrate species (Bij de Vaate et al. 2002) . These crabs are opportunistic omnivores (Hymanson 1999) and consequently compete for resources with local freshwater fish and other large invertebrates like crayfish.
Another species nominated among the 100 worst invasive species worldwide (Lowe et al. 2004 ) is the crayfish plague pathogen Aphanomyces astaci (Schikora, 1906) . Originating from North America, this species was introduced to Europe through human-mediated transportation of live specimens of North American freshwater crayfish species in the nineteenth century and all freshwater crayfish species of the infraorder Astacidea (Decapoda), are assumed to serve as a potential host and vector of the disease (Oidtmann 2012) . This means that A. astaci can reproduce in representatives of all these crayfish species through the discharge of sporangia and the release of swimming zoospores outside the crayfish tissue (Olson et al. 1984) . While North American crayfish species are assumed to have evolved a resistance during a co-evolution with the pathogen, and serve as a host, European crayfish species on the other hand, are highly susceptible and usually die after an infection (Alderman 1996) . One pathogen spore may be sufficient to start a new infectious wave, which ultimately can lead to a 100% mortality of the European crayfish present in the waterbody or large parts thereof (Oidtmann 2012) . Moreover, American crayfish species can also die from an infection with A. astaci when their immune system is weakened due to other factors (Persson et al. 1987) .
The original hosts of A. astaci, namely North American crayfish species, as well as Chinese mitten crabs belong to the suborder Pleocyemata within the order Decapoda. But within the Pleocyemata the crayfish species belong to the infraorder Astacidea, while the Chinese mitten crab is a member of the infraorder Brachyura. Over 70 years ago, the susceptibility of Chinese mitten crabs to the crayfish plague was investigated; high mortalities were observed in the crabs after an artificial infection with assumedly A. astaci (Benisch 1940) . However, at that time, it was neither possible to identify A. astaci as the pathogen responsible for the mortalities nor was it possible to quantify the pathogen. The precise identification of A. astaci based on morphological characteristics is impossible since there is no morphological characteristic that distinguishes A. astaci from other species of the genus Aphanomyces (Royo et al. 2004) . Therefore, the identification of A. astaci in that previous experiment could not be fully proven. Since that time molecular technology has advanced and a transmission experiment followed by molecular genetic analysis for a species-specific verification represents more reliable proof of species identification.
For a long time A. astaci has been considered a crayfish-specific pathogen. However, recently molecular detection methods were applied to show that a Chinese mitten crab population from Sweden was infected with A. astaci (Svoboda et al. 2014) . Although Svoboda et al. (2014) have shown that the pathogen grew in E. sinensis and Potamon potamios (Olivier, 1804) captured in two different localities, they did not assess if the crabs served as a transmitter of the pathogen. This research examines if the Chinese mitten crabs from the River Rhine are infected with A. staci, and if they can transfer the pathogen to susceptible European crayfish species.
Methods
In a pilot study in February 2012, prior to the transmission experiment, we received 12 Chinese mitten crabs from the River Rhine (close to Cologne) that were stored at -20°C until they were tested for the presence of A. astaci with molecular analyses.
Subsequently, we received 25 Chinese mitten crabs that were collected using crab traps by a commercial fisherman from the River Rhine close to Kalkar, Germany, where they coexist with spiny-cheek crayfish (Orconectes limosus Rafinesque, 1817). Of these, 14 adult specimens were stored at -20°C for subsequent genetic analysis. The remaining specimens were kept alive and used for transmission experiments. Additionally, noble crayfish (Astacus astacus Linnaeus, 1758) susceptible to A. astaci were obtained from the "First Bavarian Crayfish Hatchery" in Augsburg. These crayfish were known to be uninfected with A. astaci as no plague outbreaks had been observed in the farm during the previous 20 years (Schrimpf et al. 2013a) .
Noble crayfish were kept in an outdoor tank (1 m 2 base; 760 L) outside the laboratory for two months (May and June 2012) for acclimatization. Chinese mitten crabs were also kept outdoors in a comparable tank, under similar conditions for more than one week in June. Regular tap water was added and a simple pond filter was used to keep the water in movement and to aerate the water. Water temperature (9-23°C) was monitored over the experimental period and was found to be within the physiological tolerance range of both crustaceans and the pathogen A. astaci. Specimens were monitored and fed daily with fish pellets. Dead individuals were removed from tanks. Each tank had separate handling tools and separate water inlets and outlets to eliminate any cross-infection. Extreme care was taken to avoid any transfer of water between tanks. Gloves were changed regularly and after any contact with potentially infected material. Used material was disinfected with peracetic acid (PAA) as recommended by Jussila et al. (2011) .
Transmission experiments
In the transmission experiment European noble crayfish [mean carapace length (CL) 48 mm, range 36-62 mm] and potentially infected Chinese mitten crabs (mean CL 44 mm, range 39-53 mm) were kept together under controlled conditions. Table 1 . Result of the qPCR analysis of Chinese mitten crabs from the pilot study (Cologne) and Chinese mitten crabs from Kalkar that were killed before the start of the experiment. Agent level A2 to A5 are considered positive (according to Vrålstad et al. 2009 Eleven replicate aquaria, each with a bottom area of 0.25 m 2 (70 L) were shared by one infected Chinese mitten crab from the River Rhine and one noble crayfish. They were separated by a waterpermeable mesh of 10 mm. A further nine smaller aquaria (0.125 m 2 bottom area; 35 L) each contained one, non-infected noble crayfish (mean CL 50 mm, range 42-58 mm) as a control. Regular tap water was used with air-stones to aerate the water (two for the aquaria with both species and one in the control). The water was not changed during the study period (145 days) but separate airlift water filters including filter floss and a thin layer of activated carbon were used to keep the water clean. Water temperature (14.8-24.0 °C) was continually monitored and was in the physiological tolerance range of both crustacean species and the pathogen A. astaci. Fine gravel was used as a substratum in all aquaria. A piece of plastic roof gutter (width 12.5 cm, length ca. 15 cm) was used as a shelter. Both species were fed commercial fish pellets daily. The behaviour was monitored daily.
Behavioural changes in the noble crayfish and ultimate mortality, was an indication of a positive carrier of the pathogen. If one specimen in the transmission experiment aquaria died, the other one was killed. The transmission experiment was terminated after 145 days and any remaining crustaceans were killed. All dead individuals were frozen and kept for subsequent verification of A. astaci DNA by molecular analyses. All materials were cleaned with PAA after the experiment.
Molecular analysis
Presence or absence of the crayfish plague pathogen was tested in all crustaceans applying molecular analysis. To evaluate the A. astaci carrier status we used the TaqMan ® minor groove binder (MGB) real-time PCR (qPCR) according to Vrålstad et al. (2009) . This method demonstrated very high sensitivity and specificity for the crayfish plague pathogen (Tuffs and Oidtmann 2011) . Three tissue types of crayfish were assessed; the inner joint of a walking leg, uropods and soft abdominal cuticle, based on Vrålstad et al. (2011) . For the Chinese mitten crab analyses, corresponding pieces of the exoskeleton were examined, where the cuticle is thin and soft, since this is where A. astaci usually penetrates (Nyhlén and Unestam 1975) . Therefore the inner joint of a walking leg, the eyestalks, and soft abdominal cuticle, which is usually entirely hidden under the thorax in crabs, were examined. DNA extraction and qPCR reactions were carried out according to Vrålstad et al. (2009) with some modifications (Schrimpf et al. 2013a) . Agent levels and assessment of infection status were defined again according to Vrålstad et al. (2009) . Samples with agent levels A0 (no detection) and A1 are considered free of A. astaci DNA while agent levels A2 and higher are considered an evidence of A. astaci DNA presence (Table 1) .
Additionally species identification of A. astaci was confirmed by sequencing a 630 bp long ITS fragment (including partial ITS1 as well as ITS2) with primers 42 and 640 according to Oidtmann et al. (2006) . The sequence was aligned to A. astaci sequences from the GenBank.
Results

Infection status of Chinese mitten crabs from the Rhine
Nine out of 12 (75%) Chinese mitten crabs from the River Rhine, close to Cologne tested positive for crayfish plague infection (Table 1) . Agent levels of infected individuals ranged between A2 (N=5), A4 (N=3) and A5 (N=1). Of the 14 Chinese mitten crabs from the River Rhine close to Kalkar (that were frozen before the start of the experiment), three tested positive (21.4%) with agent levels of A2 (N=2) and A4 (N=1). 
Transmission experiments
After day 30 and 33 respectively, the European noble crayfish from aquaria 4 and 10 died ( Table  2 ). The Chinese mitten crab from aquaria 2, 6 and 8 died after 5, 62 and 107 days, respectively. In all other aquaria including the controls, no obvious behavioural changes or mortalities were observed until the experiment was terminated. Five noble crayfish and eight Chinese mitten crabs moulted during the experiment (see table 2 for the number of days until moulting). In six of the Chinese mitten crabs from the transmission experiments, the pathogen was positively identified, in aquaria 1 (A 2), 5 (A 3), 7 (A 2), 9 (A 2), 10 (A 2) and 11 (A 2) (agent levels are given in brackets, see also Table 2 ). The pathogen was also detected in eight noble crayfish from the transmission experiment, in aquaria 1 (A 5), 2 (A 2), 3 (A 3), 5 (A 2), 6 (A 5), 9 (A 3), 10 (A 6), 11 (A 2). The crayfish plague pathogen was not detected in any of the noble crayfish control aquaria.
The sequence analysis from the DNA extract from the noble crayfish from aquarium 1 and 10 confirmed the results from the qPCR. The ITS sequence fragment was 100% identical to sequences of A. astaci from the GenBank (e.g. accession numbers: FM999257 or GU320214).
Discussion
Transmission experiments and subsequent molecular diagnostics have proven that the Chinese mitten crab from the River Rhine is a) carrier of the crayfish plague pathogen and is b) capable of transmitting the pathogen to the noble crayfish. This study has identified a crustacean of the infraorder Brachyura as a confirmed transmitter of the crayfish plague pathogen, thereby refuting the assumption that only freshwater crayfish, order Decapoda can be infected with A. astaci. This research supports the results from Benisch (1940) and the more recent findings of Svoboda et al. (2014) . While these researchers show that the Chinese mitten crab can be infected with the crayfish plague pathogen (penetrating the crab´s exoskeleton) this study has shown that the Chinese mitten crab can also transmit this fatal pathogen to native crayfish, thereby posing a high risk to these vulnerable species.
Despite positive verification of the pathogen in eight of the eleven noble crayfish from the transmission experiments, the pathogen could only be verified in five of the crabs from the same aquaria (aquaria 1, 5, 9, 10 and 11). However, the fact that the pathogen could not be detected in five individuals does not necessarily mean they were not infected. It is known that the verification of the crayfish plague can fail in infected crayfish specimens (Vrålstad et al. 2011) . The failure in the detection of the pathogen in infected crayfish specimens can be attributed to the uneven distribution of the pathogen over the host body (Vrålstad et al. 2009 ), especially in resistant species that are able to prevent a further spread of the pathogen throughout their body. A resistance of Chinese mitten crabs to A. astaci is supported by the fact that no mass mortalities are known of Chinese mitten crabs from the River Rhine or other rivers where American crayfish and the crayfish plague are also present. The chance of false negative detection is increased by the large body size of the crabs compared to the small tissue material tested for A. astaci. The percentage of infected crabs in these experiments and in the wild may therefore be underestimated. On overestimation of infected individuals is possible in cases of attached spores to the carapace that did not penetrate into the crustacean. This should most significantly affect the Chinese mitten crabs that were tested prior to the experiment, but the number of positive verifications in these tests was relatively small (Table 1) . Also, in the case of spores attached to the surface of the crab or crayfish the probability of detecting A. astaci DNA in a sample should be reduced in individuals that have moulted. However, we did not observe a correlation between the non-moulted individuals and a positive verification of A. astaci DNA in the experiment (Table 2 ). Though, in order to finally verify the growth of A. astaci hyphae in the Chinese mitten crabs and to prove that the A. astaci DNA was not only attached to the surface of the crabs, individual samples of presumably infected crab need to be checked microscopically for hyphal growth as carried out by Svoboda et al. (2014) .
The transmission experiment was stopped after 145 days, although we did not observe high mortality rates in the noble crayfish, as would be assumed for infected species (Oidtmann 2012) . A longer duration of the experiment may have led to a higher mortality rate in the noble crayfish. The unexpected long survival of the noble crayfish may be attributed to the good experimental conditions for the noble crayfish in the aquaria in this research. In comparable transmission experiments by other researchers, crayfish were exposed to higher stress conditions, e.g. crayfish density: 4 crayfish in 8 L tank (Makkonen et al. 2012) or 2 crayfish in 5 L tank (Svoboda et al. 2013) compared to one crayfish and one crab in a 70 L tank in this study. Reduced diet may also have induced stress levels e.g. carrots once a week (Svoboda et al. 2013) or peeled peas every other day (Makkonen et al. 2013) compared to fish pellets daily in this research. Furthermore, other factors, such as the temperature, influence the mortality rate of infected European crayfish. A decrease in temperature results in an increase in host survival (Alderman 1987) . Also the filters may have decreased the spore density in the water since activated carbon is also used to adsorb organic material. This would also lead to a reduced mortality in the noble crayfish. Additionally, it is assumed that different North American crayfish species are carriers of different strains of A. astaci (Huang et al. 1994; Kozubíková et al. 2011 ) and these strains differ in their virulence (Makkonen et al. 2012) . Today several latent infected noble crayfish populations are known, that do not show clinical signs of a crayfish plague infection (e.g. Viljamaa-Dirks et al. 2011; Schrimpf et al. 2012; Svoboda et al. 2012; Kušar et al. 2013) . Since the specific strain of A. astaci in this study was not identified and its virulence is unknown, it is possible that some of the infected noble crayfish did not die due to the low strain virulence of A. astaci.
In the River Rhine, Chinese mitten crabs coexist with spiny-cheek crayfish and calico crayfish (Orconectes immunis Hagen, 1870). An earlier study showed that 60% of these two American crayfish species are infected with A. astaci (Schrimpf et al. 2013b) . It is therefore most likely that the crabs in the River Rhine were infected from the spiny-cheek crayfish or calico crayfish. While the strain of spiny-cheek crayfish from a Czech population was identified (Kozubíková et al. 2011) , the strain of calico crayfish and its virulence is still unknown. With the identification of the specific A. astaci strains from the two crayfish species in the Rhine and the Chinese mitten crabs, this could be further examined.
Because the transmission was observed under laboratory conditions, it is very likely that the transmission of A. astaci from infected Chinese mitten crabs to native crayfish will also occur in the wild. These results are alarming if one considers how fast and how far Chinese mitten crabs migrate along large European rivers, like the River Rhine or the Elbe. Travel over dry land (Brockerhoff and McLay 2011) further increases the invasive potential of Chinese mitten crabs and associated organisms. They can migrate 400 km downstream within a 3-month migration period (Herborg et al. 2003) . Adult specimens have been found more than 600 km upstream of the estuary, in the River Rhine (Löb, personal communication) . During the life cycle of a crab, it can potentially carry the pathogen vast distances. The pathogen can be transmitted from sites where infected American crayfish species are present, to distant sites where European species occur. This may also explain why in some areas the plague is present, despite the absence of American crayfish species. In the Danube delta for instance, narrowclawed crayfish (Astacus leptodactylus Eschscholtz, 1832) were found to be infected with A. astaci , although infected American crayfish were only present 900 km upstream, in the Danube . Chinese mitten crabs could have infected the narrow-clawed crayfish population in the Danube delta. Although it is not confirmed that the Chinese mitten crab is established in the Danube, the species has been reported several times from the Danube (e.g. Paunovic et al. 2004; Puky et al. 2005 ) and one migrating individual might be enough to spread A. astaci over a large distance. However, other origins of the pathogen in the Danube delta are also possible . Bentley (2011) assumes that many more river systems around the globe will become host to the Chinese mitten crab. Until now, management actions to remove established Chinese mitten crabs populations have been unsuccessful (Gollasch 2011) . However, precautionary action should be applied in areas where the crab is not yet present, to prevent the further spread of the crab and associated pathogens, like the crayfish plague pathogen. This applies to the control of ballast water and human-mediated dispersal, e.g. the sale of living crabs.
